Metastasis is the major cause of death in colorectal cancer (CRC). Although multiple genes have been identified to be responsible for the development of CRC, the molecular changes that enable CRC cells to undergo early local invasion and to form distant metastatic colonies still remain largely unknown. Herein, we investigated the role of Forkhead box protein C2 (FOXC2) and explored the underlying mechanisms in invasion and metastasis of CRC. We show that both high FOXC2 expression and nuclear localization of FOXC2 are significantly correlated with advanced TNM (T = primary tumor; N = regional lymph nodes; M = distant metastasis) stages. FOXC2 enhanced the invasive abilities of CRC cells in vitro and promoted local invasion and distant metastasis in an orthotopic mouse metastatic model of CRC. Microarray analysis revealed that overexpression of FOXC2 increased the proto-oncogene MET tyrosine kinase expression and activated the hepatocyte growth factor (HGF)-MET signaling pathway. Furthermore, luciferase reporter assays and chromatin immunoprecipitation assays revealed that FOXC2 directly associated with MET promoter to increase the transcriptional activity of MET. Inhibition of MET attenuates the invasive phenotype and metastatic potential of FOXC2-overexpressing CRC cells, indicating that MET is a major mediator of FOXC2-promoted metastasis. In addition, FOXC2 expression was positively correlated with MET expression in CRC tissue samples. Our findings suggest that FOXC2 has a crucial role in CRC metastasis by regulating HGF-MET signaling via inducing MET expression, highlighting FOXC2 as a potential therapeutic target for preventing or reducing metastasis in CRC.
INTRODUCTION
Colorectal cancer (CRC) is one of the most common types of cancer and a leading cause of cancer-related deaths worldwide. 1 Metastasis and recurrence are the major causes of death in CRC. It is estimated that over 50% of patients diagnosed with CRC will die due to complications related to metastasis. 2 Unfortunately, traditional methods, such as the assessment of clinical and histopathologic features, and current molecular markers, such as carcinoembryonic antigen, are unsatisfactory for the early diagnosis of patients with CRC who are at high risk of metastasis. 3 Although multiple genes have been identified to be responsible for the development of CRC, such as mutational inactivation of the adenomatous polyposis coli (APC) gene or activation of the β-catenin, Kirsten rat sarcoma viral oncogene homolog (KRAS), tumor protein p53 (TP53), SMAD family member 4 c (SMAD4) or phosphatidylinositol-4,5-bisphosphate 3-kinase (PIK3CA), the molecular changes that enable CRC cells to undergo early local invasion and to form distant colonies still remain largely unknown. 4 Therefore, efforts to elucidate the molecular mechanisms underlying these processes are imperative in order to enable early recognition of the molecular changes involved in CRC metastasis, and to develop novel predictive methods and design efficient treatment strategies for metastasis in CRC.
Forkhead box protein C2 (FOXC2; also known as mesenchyme forkhead 1) has been recently reported to be involved in cancer progression and metastasis. It has been documented that FOXC2 directly induces the transcription of CXCR4 and integrin-b3 by activating their promoters, and is associated with angiogenesis and lymphangiogenesis. [5] [6] [7] FOXC2 induces epithelialmesenchymal transition (EMT) and also serves as a link between EMT and stem cell properties in breast cancer. 8, 9 High expression of FOXC2 is an independent prognostic factor in esophageal cancer, gastric cancer and non-small-cell lung cancer. [10] [11] [12] It is also reported that downregulation of FOXC2 was critical for the suppression of lung cancer metastasis by resveratrol. 13 These findings emphasize that FOXC2 may have a crucial role in endowing tumor cell malignant behavior. However, the mechanism by which FOXC2 confers an increased metastatic ability to cancer cells needs further investigation.
In this study, we report that overexpression of FOXC2 activates hepatocyte growth factor (HGF)-MET signaling in CRC cells. FOXC2 regulates MET expression and promotes invasion and metastasis of CRC cells by direct activation of MET promoter. Our results highlight a new molecular mechanism underlying the metastatic behavior of human cancer cells and suggest that FOXC2 could represent a potential target for anti-metastatic therapeutic strategies in CRC.
RESULTS

High expression of FOXC2 is associated with CRC metastasis
We examined FOXC2 mRNA expression in 40 primary colorectal tumors and their paired adjacent normal tissues. FOXC2 was expressed more highly in CRC tissues than in normal tissues, especially in subjects with CRC who later developed distant metastasis (Figure 1a ).
Immunohistochemistry was performed to examine the protein expression level and subcellular localization of FOXC2 in 108 cases of paraffin-embedded CRC tissues. The results revealed that FOXC2 displayed either cytoplasm or nucleic/cytoplasm expression in the tumor cells ( Figure 1b ). Mann-Whitney U-test revealed that FOXC2 expression level was strongly correlated with T stage (P = 0.023), N stage (P = 0.042) and distant metastasis (P = 0.004). In addition, tumors with nucleic/cytoplasm localization of FOXC2 were more aggressive that those with only cytoplasm expression of FOXC2. Nucleic/cytoplasm localization of FOXC2 was positively correlated with T stage (P o 0.001), N stage (P = 0.001) and distant metastasis (P o 0.001) ( Supplementary Table S1 ).
Overexpression of FOXC2 promotes the invasion and metastasis of CRC cells both in vitro and in vivo
To investigate the role of FOXC2 in invasion and metastasis of CRC, we established FOXC2-overexpressing stable cell lines in SW480. Stable expression of FOXC2 induced a spindle-like, fibroblastic morphology (Supplementary Figure S1a ), which suggested that FOXC2-overexpressed SW480 cells may have undergone EMT. Moreover, overexpression of FOXC2 led to marked downregulation of E-cadherin and P120-catenin, but upregulation of vimentin and N-cadherin ( Figure 2a ). Furthermore, overexpression of FOXC2 strongly enhanced the migratory and invasive ability of CRC cells in vitro (Figures 2b-d) .
To determine the in vivo effect of FOXC2 on promoting CRC invasion and metastasis, SW480/pBabe control cells or SW480/ FOXC2 cells were orthotopically implanted into the cecum of nude mice (n = 6 in each group). As shown in Figure 2e , large primary tumors in the cecum and widespread distribution of tumor foci in the abdomina were observed in the FOXC2-overexpressing group, whereas the primary tumors in the vector control group were remarkably smaller (Figure 2e , upper). More importantly, the vector control cells formed noninvasive, oval-shaped tumors. In contrast, SW480/FOXC2 cells developed diffusely distributed and highly invasive tumors, which displayed interspersed fibroblastlike structures (Figure 2e , lower). Notably, the tumor cells formed by FOXC2-overexpressing cells invaded into the vascular vessels (Figure 2e , lower), and metastatic loci were observed in the lungs and livers of mice implanted with FOXC2-overexpressing cells (Figures 2f and g). No obvious macrometastases were detected in the mice of control group.
Downregulation of FOXC2 represses invasiveness and reduces the metastatic potential of CRC cells
To further validate the role of FOXC2 in invasiveness and metastasis in CRC cells, we silenced endogenous FOXC2 expression in CRC cells using two specific short hairpin RNAs (shRNAs). Ablation of FOXC2 induced a reverse change from mesenchymal morphology into epithelial morphology in HCT15 and SW620 cells (Supplementary Figure S1b ). In addition, silencing of FOXC2 led to enhanced expression of E-cadherin, P120-catenin and α-catenin, and concomitantly, decreased expression of Vimentin and N-cadherin ( Figure 3a and Supplementary Figure S2 ). Moreover, knockdown of FOXC2 significantly compromised the migratory and invasive ability of CRC cells (Figures 3b-d ). Next, we orthotopically transplanted SW620 cells expressing shRNAs against FOXC2 or a control shRNA (six mice were included in each group). SW620 cells expressing the FOXC2 shRNAs showed reduced mesenteric metastases and distant metastasis in liver and lungs, compared with the vector control group (Figures 3e and f).
FOXC2 regulates MET signaling pathway
To identify the signaling pathways activated in CRC cells in response to FOXC2 overexpression, we performed whole-genome expression microarray and Ingenuity Pathway Analysis in SW480/ vector and SW480/FOXC2 cells. Upregulation of FOXC2 significantly correlated with the receptor protein tyrosine kinase signaling, mitogen-activated protein kinase (MAPK), phosphatidylinositol 3 kinase/Akt and Wnt/β-catenin pathways (Figure 4a ). In addition, the expression of proto-oncogene MET, a receptor tyrosine kinase, was significantly upregulated in SW480/FOXC2 cells compared with the vector control cells ( Figure 4b ). More interestingly, MET had a central role in regulation of its interaction proteins including CTNNB1 (β-catenin), which were also upregulated by FOXC2 ( Figure 4c Figure S3 ). In addition, FOXC2 could significantly increase Wnt activity (Supplementary Figure S4 ) and upregulate the both total and active β-catenin levels, as well as the target gene LEF1 and DKK1 ( Figure 4d ). Furthermore, MET expression was increased in a dose-dependent manner at both the shFOXC2 on E-cadherin and regain the migratory and invasive abilities of SW620/shFOXC2 cells, indicating that Snail has an important role in FOXC2 upregulation-mediated metastasis ( Supplementary Figures S5d and e ). In addition, overexpression of MET in SW620/shFOXC2 cell could markedly restore the expression of Snail expression and result in decrease of E-cadherin Figure S5f ). Taken together, these data indicate that E-cadherin downregulation mediated by FOXC2-MET is dependent of Snail.
FOXC2 associates with MET promoter
We performed a luciferase reporter assay to investigate whether FOXC2 could increase MET promoter activity as a transcription factor. A 2.7-kb fragment of the full-length MET promoter region was subcloned into a luciferase vector. The MET promoter activity was increased by co-transfection with a FOXC2 expression vector in SW480 cells but decreased in HCT15 and SW620 cells expressing FOXC2 shRNA in a dose-dependent manner, compared with empty vectors (Figures 5a and b ). To determine the effective regions of MET promoter that FOXC2 may affect, we transfected MET promoter truncations into HCT15 cells expressing either FOXC2 shRNA or an empty vector. As shown in Figure 5c , the luciferase activity was increased in cells carrying full-length MET promoter and truncations − 600, − 1200, − 1800-bp upstream of the transcription start site as well as − 1800 to − 1201 bp, but not in cells carrying truncations − 2637 to − 1801bp or − 1200 to − 601 bp. Knockdown of FOXC2 expression by co-transfection FOXC2 shRNA significantly decreased MET promoter activity ( Figure 5c ). Furthermore, we performed chromatin immunoprecipitation (ChIP) assays and identified that the − 1322 to − 1635 bp and − 693 to +49-bp regions of the MET promoter were FOXC2 protein binding sites; p120 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) promoter fragments were used as positive and negative controls, respectively (Figure 5d ). 14 Figure S6 ). Orthotopic implantation assay showed that FOXC2 significantly promoted lung and liver metastases. Inversely, inhibition of MET significantly attenuated the formation of metastatic foci by SW480/FOXC2 cells ( Figure 6c ). Furthermore, inhibition of MET also attenuated the formation of metastatic foci by HCT15 or HCT15/FOXC2 cells ( Figure 6d ).
FOXC2 expression positively correlates with MET expression in CRC
We further analyzed the expression of FOXC2 and MET in eight freshly collected CRC biopsies. Western blot analyses indicated that both FOXC2 and MET were significantly upregulated in the eight tumor samples examined, compared with the paired adjacent noncancerous tissues from the same patients (Figure 7a ). Comparative real-time PCR analysis demonstrated that the mean tumor/normal ratios of both FOXC2 and MET mRNA expression were 42-fold for all samples (Figure 7b ). In addition, FOXC2 expression was positively correlated with MET expression at both protein (P = 0.003, r = 0.694) and mRNA levels (P o 0.001, r = 0.976) as analyzed in the eight samples (Figures 7a and b) . Moreover, FOXC2 mRNA levels were significantly correlated with MET mRNA levels in the 40 CRC biopsies described in Figure 1a ( Figure 7c ; P o 0.001, r = 0.582). Furthermore, immunohistochemistry showed that there was a significant correlation between MET expression and either FOXC2 expression levels (P = 0.007) or FOXC2 nuclear localization (P o0.001) in the 108 CRC samples (Supplementary Table S1 ). Samples that had lower level of FOXC2 expression also had a lower MET expression, whereas samples that had higher level of FOXC2 expression especially mainly located in the nucleus had a higher MET expression ( Figure 7d ).
DISCUSSION
Tumor progression toward metastasis is a complex, multistage process, which is classically simplified as local invasion, intravasation, survival in the circulation, extravasation and colonization. 15, 16 Metastasis initiation genes are a group of metastasis-associated genes that determine the activities that allow cancer cells to invade the surrounding tissue, attract a supportive tumor microenvironment and facilitate the dispersion of cancer cells, and probably continue to exert these actions when the cancer cells infiltrate distant tissues. 15 In addition, metastasis initiation genes may promote aggressive behaviors in cancer cells, such as increased cell motility, EMT, extracellular matrix degradation, bone marrow cell mobilization, survival in the circulation and induction of angiogenesis. 15 The overexpression of metastasis initiation genes and their targets often predicts a poor prognosis in various types of cancer. 15 FOXC2 is a highly conserved transcription factor, which has crucial roles in angiogenesis and lymphangiogenesis, as well as induction of the EMT. 5, 8, 17 Functional analyses revealed that FOXC2 can confer a number of properties that may contribute to metastasis. For instance, FOXC2 can increase cell proliferation, tumor angiogenesis, motility and invasion and induce cancer stem cell properties, 8, 9, 17 yet the underlying mechanism by which FOXC2 exerts these effects is poorly understood. In this study, we provided a series of in vitro and in vivo evidence which indicates that FOXC2 may function as a metastasis initiation gene in the invasion-metastasis cascade, similarly to previously identified metastasis initiation genes such as TWIST1, SNAI1, SLUG and MET. 15 Alteration of FOXC2 expression significantly induced EMT and affected the motility and migratory ability of CRC cells in vitro. Furthermore, FOXC2 strongly promoted both the early and late steps of invasion and distant metastasis by CRC cells in an orthotopic mouse model of CRC metastasis. More importantly, we also revealed a novel cellular function of FOXC2 and identified 
MET as one of its transcriptional targets. FOXC2-induced invasion and metastasis were blocked by MET inhibitor or shRNAs targeting FOXC2 or MET.
As a transcription factor, FOXC2 may mediate the EMT and angiogenesis, and promote metastasis via the transcriptional regulation of downstream genes. However, only limited downstream targets of FOXC2 have been characterized. Recent studies have demonstrated that FOXC2 induces the transcription of CXCR4, integrin β3 and PDGFR-β, by directly activating their promoters. 5 In addition, FOXC2 can suppress the expression of E-cadherin and upregulate the expression of matrix metalloproteinases (MMPs) to promote metastasis in breast cancer. 8, 9 Other research showed that FOXC2 could downregulate expression of E-cadherin, mainly via regulation of p120-catenin by binding directly to the p120-catenin promoter region. 14 In this study, we found that FOXC2 could induce EMT and promote invasion and metastasis by decreasing E-cadherin expression but increasing Snail expression. More interestingly, we identified that FOXC2 could transcriptionally regulate the expression of MET, which is essential for EMT phonotype and metastatic potential of CRC cells, subsequently activating its downstream signaling cascades RASmitogen-activated protein kinase (MAPK) and phosphatidylinositol 3 kinase/Akt pathways. 18, 19 These findings highlight a new regulatory mechanism that FOXC2 induces EMT and promotes metastasis by regulating the HGF-MET signaling pathway.
The HGF-MET signaling pathway has been implicated in different processes related to malignant progression, including cell survival, growth, angiogenesis, cell motility, EMT, invasiveness and metastasis. [18] [19] [20] [21] [22] [23] Hyperactivation of the HGF-MET signaling cascade leads to metastasis in various human cancers, including CRC. 24, 25 The tyrosine kinase MET is activated following binding of the HGF ligand, and transmits intracellular signaling cascades via the RAS-mitogen-activated protein kinases (MAPK) and phosphatidylinositol 3 kinase/Akt pathways. [18] [19] [20] In CRC, MET is overexpressed in the vast majority of invasive carcinomas and metastases, and MET has been suggested to be mainly responsible for the metastatic behavior of CRC cells. [25] [26] [27] [28] In a large majority of CRC cases, MET is activated by overexpression or gene amplification. 19, 29, 30 However, MET gene amplification is a relatively rare event, and the mechanisms regulating MET protein overexpression in CRC remain largely obscure. 19, 30 Transcriptional regulation may be one major mechanism, which modulates MET expression. MET has been identified to be a target of hypoxiainducible factor-1, β-catenin and metastasis-associated in colon cancer-1. [31] [32] [33] [34] [35] Here, we demonstrate that FOXC2 is a novel transcriptional regulator of MET. We provided several lines of evidence to support the conclusion that MET is a direct target of FOXC2. First, MET expression was induced after FOXC2 transfection, and MET expression was knockdown after FOXC2 shRNA treatment. Second, MET promoter activity was significantly increased after FOXC2 transfection but decreased after knockdown of FOXC2 by a specific shRNA, both in a dose-dependent manner. Most importantly, FOXC2 was able to bind directly to the MET promoter, and the binding efficiency was greatly reduced by knockdown of FOXC2 using a specific shRNA. In addition, we identified two binding fragments in MET promoter, which contain a previously reported − 223 to − 68-bp region harboring consensus motifs for specificity protein-1, Kruppel-like factor 4, activator protein-2 and metastasis-associated in colon cancer-1, described as MET regulators. [33] [34] [35] [36] Thus, we hypothesize that on one hand, MET has an essential part in FOXC2-induced metastasis, and on another hand, the abundance of FOXC2 may fundamentally affect the MET-dependent aggressive behavior and metastatic ability of CRC cells. These results also reveal a novel regulatory factor for the HGF-MET signaling pathway.
MET has been reported to be a transcription target of betacatenin and there may be a positive feedback loop between MET and beta-catenin to sustain CRC cell invasive growth. 31, 32 Our data indicated that FOXC2 could also activate Wnt-β-catenin signaling in CRC cells. Thus, we infer that FOXC2, MET and β-catenin may form a positive feedback regulatory loop to synergisticly promote metastatic behavior of CRC cells. However, the possible mechanisms and detailed interplay fashions among them need further investigation.
In summary, our data suggest that FOXC2 has an essential role in CRC metastasis by regulating the proto-oncogene MET. As targeting the HGF-MET signaling pathway using specific antibodies and small molecules to neutralize HGF has been identified as a valuable treatment strategy in clinical practice, blockade of the MET receptor or inhibition of its receptor kinase function, 37 or interfering with FOXC2 may represent a alternative therapeutic target to prevent or reduce metastasis in CRC.
MATERIALS AND METHODS
Patients and specimens
A total of 108 cases of formalin-fixed paraffin-embedded CRC samples were collected between 2012 and 2014 at the Department of Pathology, Nanfang Hospital Southern Medical University. The 40 freshly collected CRC biopsies and their matched adjacent noncancerous mucosa tissues were collected at the operation room, Nanfang Hospital. The fresh biopsies were frozen and stored in liquid nitrogen until further use. The formalinfixed paraffin-embedded specimens of these samples were obtained in the Department of Pathology, Nanfang Hospital, Southern Medical University. The medical records of the patients were reviewed to collect the information about TNM (T = primary tumor; N = regional lymph nodes; M = distant metastasis) stages. For the use of clinical materials for research purposes, prior approval was obtained from the Southern Medical University Institutional Board (Guangzhou, China).
Immunohistochemistry
Immunohistochemistry was performed as previously described. 38 Paraffinembedded specimens were cut into 4-μm sections and baked at 65°C for 30 min. The sections were deparaffinized with xylenes and rehydrated. After treatment with 3% hydrogen peroxide in methanol to quench the endogenous peroxidase activity, the sections were submerged into citrate buffer and high-pressure boiled for antigenic retrieval, followed by incubation with 1% bovine serum albumin to block the nonspecific binding. Rabbit anti-FOXC2 (1:200; Millipore Corp., Temecula, CA, USA) or rabbit anti-MET (1:200; Cell Signaling, Danvers, MA, USA) was incubated with the sections overnight at 4°C. For negative controls, the rabbit anti-FOXC2 or anti-MET antibody was replaced with normal goat serum. After washing, the tissue sections were treated with biotinylated anti-rabbit secondary antibody (Zymed, San Francisco, CA, USA), followed by further incubation with streptavidin-horseradish peroxidase complex (Zymed). The tissue sections were incubated with 3,3-diaminobenzidin (DAB) and counterstained with hematoxylin, dehydrated and mounted. The sections were reviewed and scored independently by two observers, based on both the proportion of positively stained tumor cells and the intensity of staining.
Plasmids
The FOXC2 construct was generated by cloning PCR-amplified full-length human FOXC2 cDNA into pBabe (Addgene, Inc., Cambridge, MA, USA). The human shRNA sequences specifically targeting FOXC2 or MET (FOXC2 shRNA#1: 5′-CCACACGTTTGCAACCCAA-3′; FOXC2 shRNA#2: 5′-CCTCCTGG TATCTGAACCA-3′; 8, 39 MET shRNA#1: 5′-GAACAGAATCACTGACATA-3′; MET shRNA#2: 5′-GTCATAGGAAGAGGGCATT-3′) were cloned into pSuper-retroneo (Oligo-Engine, Seattle, WA, USA). The pBabe-puro-c-met and pBabepuro-Snail plasmids were purchased from Addgene, Inc.
Cell culture
The SW480, HCT15 cell lines were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA, USA) and SW620 cells were cultured in DMEM (Invitrogen). All medium was supplemented with 10% fetal bovine serum (PAA Laboratories, Pasching, Austria) and 1% penicillin/streptomycin (Invitrogen).
The stable cell lines were established as previously described. 40 Retroviruses were generated by transient transfection in 293FT cells. The FOXC2 gene was introduced into SW480 cells by infecting cells with a retroviral vector pBabe-FOXC2. Control cells were infected with the empty retroviral vector pBabe. Retrovirus-infected cells were selected and maintained in 0.5 μg/ml puromycin for 3-5 days. Western blot analysis was done to confirm the expression of FOXC2 in the SW480 cells using the specific antibody against FOXC2. Cell lines with stable silencing of FOXC2 were established by a similar method, using the retroviral vector pSuperretro-neo.
RNA isolation, reverse transcription (RT) and real-time PCR
Total RNA from human tissues and cultured cell lines was isolated using the Trizol reagent (Invitrogen) according to the manufacturer's instruction. Primers for real-time RT-PCR were designed using Primer Express v 2.0 software (Applied BioSystems, Foster, CA, USA). Sequences of the primers are summarized in Supplementary Table S2 . RT was carried out with the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) according to the manufacturer's protocol. Real-time RT-PCR was carried out using SYBR Green I (Applied BioSystems). The data were normalized to the geometric mean of housekeeping gene GAPDH and calculated as 2 − ΔΔCT method.
Luciferase reporter assay
Cells at 60% confluence in 24-well plate were transfected using lipofectamin2000. Forty-eight hours after transfection, luciferase activity was measured using the dual-luciferase reporter assay system (Promega corp., Madison, WI, USA) and normalized to Renilla luciferase gene expression. All the experiments were performed in triplicate.
Western blotting
We performed western blotting according to the previous study, 41 using anti-FOXC2 (Bethyl Laboratories, Inc., Montgomery, TX, USA), anti-MET, anti-p-MET, anti-Akt, anti-GSK-3β, anti-ERK, anti-p-Akt, anti-p-GSK-3β, antip-ERK, anti-Snail, anti-Lef1, anti-non-phospho-β-catenin (Ser33/37/Thr41) antibodies (Cell Signaling), anti-DKK1 (Abcam, Cambridge, MA, USA), anti-E-cadherin, anti-P120-catenin, anti-β-catenin (BD Biosciences, San Diego, CA, USA), anti-k-Ras, anti-Raf1, anti-α-catenin, anti-vimentin and anti-Ncadherin (Bioworld Technology, Inc., Louis Park, MN, USA). Anti-α-Tubulin monoclonal antibody (Sigma, St Louis, MO, USA) served as a loading control.
ChIP assays
ChIP assays were carried out using a kit according to the manufacture's instruction (Millipore Corp., catalog # 17-371). Briefly, approximately 1 × 10 7 cells were treated with 1% formaldehyde for 10 min in a 100 mm culture dish to crosslink chromatin-associated proteins to DNA, and then added glycine to quench unreached formaldehyde. Cells were collected in 1 ml sodium dodecyl sulfate lysis buffer supplemented with 5 ul of protease inhibitor cocktail. Cell lysates were sonicated for 9-10 sets of 10-s pulses at 40% output to shear the DNA to 200-1000-bp fragments. Then the lysates were cleared by centrifugation at 14 000 r.p.m. for 10 min at 4°C. In all, 100 ul of lysates was first mixed with 900 ul of dilution buffer, and then added 60 ul of protein G agarose incubating for 1 h at 4°C to preclear the chromatin. The precleared lysates were incubated with FOXC2 antibody or normal mouse immunoglobulin G as a negative control overnight at 4°C with rotation. Immunoprecipitation of the DNA-protein complexes was performed with 60 μl of protein G agarose for 1 h at 4°C, followed by isolation of the DNA. The human MET promoter was amplified by PCR. All ChIP assays were performed three times and the sequences of the PCR primers were listed in Supplementary Table S3 .
Migration assay
A Boyden chamber with 8 -μm-pore filter membrane was used for the in vitro migration and invasion assay. Briefly, cells (5 × 0 4 ) in culture medium containing 1% fetal bovine serum were seeded in the upper chamber, and culture medium with 10% fetal bovine serum was added in the lower chamber as a chemoattractant. The upper side of the filter was first coated with 0.2% Matrigel (BD Biosciences, San Jose, CA, USA). After incubation for 24 h, cells on the upper side of the filter were removed with cotton swabs. Cells that migrated to the lower surface of the filter were fixed in 4% paraformaldehyde and stained with Giemsa. The migratory cells were counted (10 random 200 × fields per well). Three independent experiments were performed and the data were presented as the mean ± s.e.m.
Wound-healing assay
Cells transfected with vector, FOXC2 or FOXC2 shRNA were seeded in sixwell plates and incubated under permissive conditions until 90% confluence. After serum starvation for 24 h, wounds were created in the confluent cells using a pipette tip. Wound healing within the scrape line was then observed and photographed at indicated time points. Each experiment was repeated at least three times.
Three-dimensional morphogenesis assay
Twenty-four-well plates were coated with Growth Factor Reduced Matrigel (BD Biosciences). Cells (1 × 10 4 per well) suspended in growth medium containing 2% Matrigel were added on the top of the solidified Matrigel, and medium was replaced with 2% Matrigel every 3 to 4 days. Threedimensional morphological structure was observed and pictures were taken by a microscopy at 2-day intervals for 2-3 weeks. The filopodia formed by each cell sphere were counted according to the previous study. 42 Orthotopic mouse metastatic model A surgical orthotopic implantation mouse model of CRC was performed as described by Tseng et al. 43 Cells (2 × 10 6 per mouse) were subcutaneously injected into the right flank of 4-to 6-week-old Balb/C athymic nude mice (nu/nu) obtained from the Animal Center of Southern Medical University, Guangzhou, China. Two weeks later, the mice were killed, and the tumors were excised and divided into small pieces approximately 1 mm in diameter. Nude mice were anesthetized and underwent surgical orthotopic implantation of the CRC tumor fragments. All mice were housed in a sterile environment. The mice were killed 2 months after surgery, and the individual organs were excised and metastases were observed by histological analysis. The numbers of gross metastatic foci were determined using a dissection microscope. All of the mice used in this study were kept under specific pathogen-free conditions, and all animal experiments were conducted in accordance with standard procedures and approved by the institutional Use Committee for Animal Care.
MET inhibitor treatment
We treated the SW480 cells with MET inhibitor (EMD 1214063, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at a concentration of 0.5 μmol/l. For in vivo treatment, mice received an oral dose of 100 mg/kg of EMD 1214063 daily after the orthotopic implantation surgery.
Statistical analysis
All statistical analyses were performed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA). Mann-Whitney U-tests were used to analyze the relationship between FOXC2 expression and the clinicopathologic features of CRC. The nonparametric Spearman method was used to evaluate the correlation between FOXC2 and MET expression. Student's t-tests were used to compare the real-time RT-PCR values between subgroups. Po 0.05 was considered significant.
